Abstract-This paper investigates the benefit of mutual coupling compensation via a method of moments (MoM) approach in a uniform circular antenna array operating at 1.8 GHz. This mutual coupling compensation technique is applied to a direction of arrival (DOA) study of up to two cochannel mobile users. Field measurements and computer simulations are examined to explore the assumptions of the technique and verify its effect when using the Bartlett and MUSIC DOA algorithms. Computer simulations considering the application of the technique to down-link beamforming are also included. Experimental results show that the mutual coupling compensation technique improves up-link DOA algorithm performance primarily by reducing unwanted sidelobe levels. This reduction in sidelobe levels aids in down-link beamforming weight design. Specifically, simulation results show that use of the compensation technique allows DOA-based down-link beamforming algorithms to perform similarly to spatial signature-based algorithms. All field measurements were made using the smart antenna testbed at the University of Texas at Austin.
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I. INTRODUCTION

P
LANNING FOR third-generation cellular systems is currently underway to handle the increasing demand for wireless services. Smart antenna technology, making use of adaptive antenna arrays, is capable of improving system capacity and quality, and will be an essential component in these next-generation cellular systems. Fully realizing the potential of smart antenna systems requires an appreciation of the underlying electromagnetic effects governing antenna array operations. These electromagnetic effects include mutual coupling as well as amplitude and phase mismatch between array elements.
It has become clear to the smart antenna community that the actual response of the antenna array can deviate significantly from the assumed and simplistic model due to electromagnetic coupling among the antenna elements as well as scattering from the antenna tower and nearby structures. Most studies of mutual coupling in antenna arrays can be best characterized as array calibration methods [1] - [5] . These methods are generally derived using parametric antenna array models that do not directly consider the underlying electromagnetic principles. A costly alternative to these methods involves determining the actual array response using field measurements. The same problem can also be approached from a fundamental electromagnetics perspective [6] - [10] . In this paper, this approach is applied to uniform circular arrays to demonstrate in field measurements the effects of mutual coupling compensation. In this mutual coupling compensation technique, the method of moments (MoM) [11] is used to compute an array response that compensates for mutual coupling. The paper will then examine up-link (mobile to base station) direction of arrival (DOA) algorithm performance in field measurements for scenarios involving up to two cochannel mobile users. The study will also consider compensation in down-link (base station to mobile) beamforming scenarios and, thus, determine the applicability of MoM mutual coupling compensation.
Section II introduces a mathematical model of the smart antenna array and describes the manner in which the mutual coupling compensation technique can be derived. Section III briefly describes the MoM calculation necessary for coupling characterization. Field measurement and simulation results of the considered compensation technique are discussed in Section IV.
II. SMART ANTENNA MODEL
A. Array Output
Assume that there are elements in the base-station antenna array located at , . We define the concept of a steering vector (sometimes called array response vector) that can be thought of as the spatial analog of an impulse response in temporal processing. Specifically, it characterizes the relative phase response of each antenna array element to an incident signal with DOA . Equation (1) represents the basic form of the theoretical (uncompensated) steering vector (1) In the above equation, is the wavenumber of the incident electromagnetic radiation that can be expressed as . An array manifold matrix, contains as its columns a collection of steering vectors corresponding to a set of angles.
DOA algorithms directly use knowledge of the array steering vector to generate a spatial spectrum that gives signal power versus direction. A simple approach to this DOA estimation is to assume the ideal steering vector given in (1) . This ideal steering vector is a function of array geometry and incident angle, but does not take into account mutual coupling effects. Specifically, (1) does not take into account the retransmission of energy from each antenna element to the others.
The concept of a spatial signature (SS) will be relevant for the discussion of down-link beamforming algorithms and is introduced here. The SS model considers up-link antenna array output due to a single user to be a linear combination of the steering vectors of all the direct path and multipath components (2) is defined to be the SS of mobile user 1.
is the direct path component and , , are the multipath components. The contain the relative amplitude and phase of the th signal component (modeling relative attenuation and delay, respectively).
B. Distortion Matrix
A distortion matrix, , is used to encapsulate the effect of mutual coupling as well as the amplitude and phase distortions caused by imperfect antenna array elements. This matrix, which can be estimated from collected measurement data [1] - [5] , is applied to the equation of the theoretical steering vector form of (1) to develop a steering vector that takes mutual coupling and unknown sensor gains and phases into account (3) In the literature, to simplify the problem, the distortion matrix is generally considered to be independent of angle. This assumption will be considered in Section IV. Array calibration methods attempt to estimate the matrix algorithmically off-line [2] , [3] , on-line [4] , [12] , or specifically measure using field measurements. However, one of the main problems in estimating the distortion matrix is that it is hard to separate coupling, gain, and phase issues from environmental factors such as tower platform effects and other scatterers located close to the array [9] .
C. Up-Link DOA Algorithms
An important quantity in many array signal processing algorithms is the spatial covariance matrix, . It is defined in (4) (4) indicates the complex conjugate transpose of vector . In practice, this matrix is estimated using snapshots of the actual antenna array output (with sampling interval ), as shown in (5) (5) An eigenvalue decomposition of can be used to find the orthogonal projector onto the estimated noise subspace, . Using this information, the equations for the Bartlett and MUSIC spatial spectra can be derived [13] (6) (7)
D. Down-Link Beamforming Methods
DOA information gathered during uplink is used by a given down-link beamforming algorithm for the purpose of transmitting information most efficiently from the base station to the mobile user. Each down-link beamforming method has its own technique for how best to accomplish this efficient transmission [14] - [16] . The performance of these methods was studied in generic urban environments in [15] and [16] .
• Dominant DOA (DomDOA) method-For a given mobile user, this method takes the angle at which there is the greatest received power during uplink (determined by up-link spatial spectrum) and focuses all transmitted energy in that direction.
• Pseudoinverse DOA (PseDOA) method-In addition to transmitting in the direction of the strongest DOA of the desired user like the DomDOA method, nulls are placed in the antenna radiation pattern at both the nondominant DOAs of the desired user and all the DOAs of any other mobile users in the system. • Spatial signature (SS) method-This method uses the SS of the mobile user when constructing the down-link weight vector. It differs from the prior two methods in that instead of focusing signal energy only in the direction of the dominant DOA of the desired mobile user, it steers the beam of signal energy in all directions corresponding to the desired mobile user.
• Pseudoinverse SS (PseSS) method-Whereas the SS method tried to maximize signal-to-noise ratio (SNR) without inserting nulls, this method maximizes SNR while inserting nulls. Specifically, nulls are inserted at the DOAs corresponding to the SS of the other mobile users in the system. It is important to note that the SS and PseSS methods do not use steering vectors at all when constructing down-link beamforming weights. While the SS can be modeled as a linear combination of steering vectors, this decomposition is unnecessary when determining the SS and using SS based down-link beamforming algorithms.
III. MUTUAL COUPLING COMPENSATION
Our approach to mutual coupling compensation entails developing an estimate for the actual array response given an arbitrary geometry antenna array via MoM code. The MoM code used in this study is numerical electromagnetics code (NEC), which was originally developed at the Lawrence Livermore Laboratory [17] to perform MoM analysis to model the interaction between electromagnetic fields and wire segments. A wire segment model of an arbitrary geometry antenna Fundamentally, the MoM represents the induced current on an object in terms of a given basis function and enforces Maxwell's boundary conditions at a finite number of points on the object being modeled [11] . Thus, in the MoM, each antenna array element is represented as a wire of finite thickness divided up into segments. At the heart of the MoM is the calculation of a system impedance matrix giving the coupling between segment and in the antenna array model where is the total number of wire segments in the model. The value of needs to be chosen to be large enough so that the obtained current solution on each of the antenna elements converge to a fixed function. In general, the higher the number of segments, the greater the validity and resolution of the answer (at the expense of greater computational effort). A detailed formulation of the modeling of an antenna array using the MoM can be found in the work of Pasala [7] and Adve [10] .
A seven-element circular array of radius 9 cm was used in simulations and measurements in this study. The simulated antenna elements are each coaxial dipole elements containing four collinear dipole antennas (illustrated in Fig. 1 ) with an operating frequency of 1.88 GHz. Each of the dipole elements is represented as a wire divided up into segments for MoM analysis. Lump loading (1 k ) is used to model the isolation between the dipole antennas and the load impedance (73 ) of the dipoles. The MoM calculations in this paper model the mutual coupling between the collinear dipoles within an array element and the greater coupling [11] with the dipoles in other array elements. Two types of mutual coupling compensation using MoM were considered in this study. In the first type of compensation, MoM calculations were used to determine the true steering vectors in the azimuth plane perpendicular to the axis of the array elements. This complete array manifold is then used when performing up-link DOA analysis. In the second compensation technique, based upon [1] - [5] and [9] , the steering vectors at 12 angles (every 30 ) are computed, and (3) is solved for the distortion matrix (assuming angular independence) using the equation (8) where the columns of and are the MoM determined (compensated) steering vectors and the theoretical (uncompensated) steering vectors, respectively, corresponding to the set of angles. This distortion matrix is then applied using (3) to determine compensated steering vectors. Field measurement comparison of the results of these two types of compensation allow the assumption of angular independence of the distortion matrix to be examined.
IV. RESULTS
A. Steering Vector Relative Angle Change
We first consider the difference between the ideal [from (1)] and compensated (from NEC simulations) array steering vectors. As a metric, we use the calculation of relative angle change (RAC) between theoretical and compensated array vectors. For a compensated steering vector, , and an uncompensated steering vector, , this metric can be written as (9) This metric has been used in simulations and measurements [16] , [18] to provide a measure of the difference between SSs. It is used in this study to quantify the difference between compensated and uncompensated steering vectors, and is shown in Fig. 2 . This graph shows that there is an appreciable difference between the compensated and uncompensated steering vectors and further shows that the magnitude of this difference is a function of angle. Also note that the number of local maxima and the number of local minima is the same as the number of antenna array elements. The angles of the local minima correspond to the angles of the elements in the uniform circular array. This implies that compensation will have less effect at DOAs matching the locations of array elements. It also implies that the effect of scattering from one element to another is minimized when the DOA matches the array element angle. 
B. Experimental Setup
Data collection was performed outdoors on an open field in the Pickle Research Campus at the University of Texas at Austin. There were two signal generators used to represent mobile users transmitting to the smart antenna basestation. The first signal generator was held stationary. The second signal generator was moved to five distinct angles at approximately the same distance and the same transmission power as the first signal generator. Data was then collected using the smart antenna testbed and up-link spatial spectra were considered for each generator transmitting individually and both generators transmitting together. The position of each of the signal generator locations is listed in Table I . Fig. 3 shows the spatial spectra generated using uncompensated and compensated steering vectors for measurement data due to a single mobile user (referred to as "Stationary User" in Table I ). In this figure, we consider the application of the full array manifold calculated using the MoM. Fig. 3(a) contains Bartlett DOA algorithm output and Fig. 3(b) contains the MUSIC spatial spectrum. These spatial spectra show that while the effect on the detected DOA is minimal for both uncompensated and compensated results, sidelobe levels are significantly reduced through use of mutual coupling compensation. Specifically, Fig. 3(b) shows the typical (for all tested cases) sidelobe reduction of approximately 3 dB. While compensation has little effect on the main lobe of the Bartlett spatial spectra in Fig. 3(a) , the effect is more pronounced on the MUSIC spatial spectra in Fig. 3(b) . The increased direction finding capabilities of the MUSIC method is realized through greater consideration of the underlying array model and is, thus, more vulnerable to model errors. Fig. 4 shows the same results as Fig. 3 for a different mobile user. Specifically, it represents the Bartlett and MUSIC DOA algorithm output given the full NEC calculated array manifold for a single mobile user (referred to as "Position 1" in Table I) . Again, this figure shows that mutual coupling compensation has a greater effect on the main lobe of MUSIC spatial spectrum output shown in Fig. 4(b) compared with the effect on the main lobe of the Bartlett spatial spectrum shown in Fig. 4(a) . Both spatial spectra in Fig. 4 show a reduction in unwanted sidelobe levels. Fig. 5 shows the uncompensated and compensated MUSIC spatial spectra for a situation in which there was two mobile users ("Stationary User" and "Position 5" in Table I ) transmitting simultaneously. This figure again illustrates the previous results of significant sidelobe reduction along with sharpening of the lobes corresponding to mobile users. Specifically, note that the DOA of the stationary user is made much more prominent compared with the sidelobes due to compensation. These sidelobes could be mistaken for either another mobile user or multipath signal energy-either of which has adverse consequences for down-link beamforming methods such as the PseDOA method. In general for all tested cases (single and multiple user scenarios), mutual coupling compensation increased the amplitude of lobes in the spatial spectra corresponding to desired users' DOAs and decreased all other sidelobes. Fig. 6 shows the effect of assuming the distortion matrix is independent of angle using the same spatial spectrum considered in Fig. 3(b) . Mutual coupling compensation involved using the entire NEC-computed array manifold for all of the results in the paper excluding those of Fig. 6 . Use of the NEC-computed array manifold is referred to as the "Look-up Table" approach in Fig. 6 . The other tested compensation technique computes the distortion matrix (assuming angular independence) using (8) with a relatively small number of MoM-generated and theoretical steering vectors. Results from this study show that making use of the assumption that is independent of angle yields a performance increase over theoretical steering vector use. This performance increase does not quite match the benefit due to the use of the complete MoM-generated array manifold. However, it should be pointed out that using the "Look-up Table" approach has the disadvantage of requiring more storage than a computed distortion matrix.
C. Uplink Direction of Arrival Algorithm
D. Down-Link Beamforming Algorithm
To determine the effect that mutual coupling compensation has on down-link beamforming, the MoM model for the antenna array was used. The up-link spatial spectra from measurement data for all of the tested cases were used to compute down-link beamforming weights for scenarios involving the stationary user (User 1) and the mobile user at each of five different tested positions (User 2). Fig. 7 shows the resulting simulated radiation pattern from using each of the four down-link beam- forming methods described in Section II-D. Fig. 7(a) shows the down-link radiation pattern for the stationary user and Fig. 7(b) shows the pattern for the mobile user at Position 4. This figure shows, for the DOA based methods DomDOA and PseDOA, the effects of using compensated and uncompensated steering vectors. As seen in the top pattern of Fig. 7 (a) and (b), use of compensated steering vectors does not significantly improve the performance of the DomDOA method. Specifically, both of these patterns show that the main lobes of the uncompensated and compensated DomDOA method are practically the same. Furthermore, both patterns show similar performance to that of the SS method. However, the bottom pattern of Fig. 7 (a) and (b) shows that there is significant improvement in the performance of PseDOA method when using compensated steering vectors. These patterns clearly show an improved main lobe when using the compensated PseDOA method instead of the uncompensated PseDOA method. In addition, these patterns show that use of compensation allows the PseDOA method to work comparably to the PseSS method.
To quantify the results illustrated by Fig. 7 , Table II shows the gain in signal power for each mobile user that is realized through use of the compensated PseDOA method over the uncompensated PseDOA method and the PseSS method. Signal power is determined by the value of the radiation plot at the known DOA of the desired user. As seen in this table, the use of compensated steering vectors instead of uncompensated vectors in the PseDOA method (column 1 for User 1 and column 3 for User 2) nearly always significantly improves transmitted signal power. Furthermore, this table shows that use of compen- sated steering vectors allows the PseDOA method to work just as well as the PseSS method (column 2 for User 1 and column 4 for User 2). These results directly explain the performance difference between the PseDOA and PseSS method in line-of-sight experimental scenarios reported in the literature [15] . Specifically, the results of this study suggest that the primary difference between the PseDOA and PseSS method arises due to imperfect array calibration. Furthermore, the varying relationship between compensated and uncompensated steering vectors illustrated in Fig. 2 explains why this difference varies as a function of mobile user position. Table III shows the improvement in signal-to-interference ratio (SIR) for the two mobile users using the compensated PseDOA method over the uncompensated PseDOA method. In 
V. CONCLUSION
In this paper, we have examined the benefit of mutual coupling compensation during up-link DOA estimation and during down-link beamforming. Results from our measurement campaign allow us to make several comments regarding mutual coupling compensation. It has been shown through the use of MoM calculations that steering vectors taking into account mutual coupling differ significantly, in terms of relative angle change, from theoretical steering vectors. By using more accurate steering vectors, we observed the expected performance improvement. The performance improvement in terms of direction finding comes from reduced sidelobe levels, which allows for easier distinction of signal sources. The DOA performance increase also translates into improved down-link SIR performance, allowing a DOA-based down-link beamforming method (PseDOA method) to work comparably to SS based methods. This work showed how off-line calculations using basic electromagnetic computations could lead to significant improvements in smart antenna system performance.
